The fungi Lasiodiplodia theobromae and Neofusicoccum parvum are pathogens responsible for causing dieback disease in mangoes. Studies on the inheritance of resistance to these fungal diseases in mango are quite limited. The objective of the present study was to evaluate the inheritance of resistance to dieback disease in three pseudo-F 2 progenies to assist in mango breeding programs. Young branches containing young leaves were selected, and suspension of 10 3 conidia/mL of L. theobromae or N. parvum was sprayed separately. After inoculation, leaves were protected in a plastic wet chamber for 48 hours. The infection was estimated by taking the branches without symptoms/total number of inoculated branches. Plants without disease symptoms in more than 90% of the branches, in three different inoculation periods, were considered as resistant. Keitt, Haden, and Espada cultivars were resistant to both fungi, while 'Tommy Atkins' was susceptible to both pathogens. Monogenic resistance, conferred by recessive alleles, was observed for L. theobromae for the three crossings evaluated, despite the 13:3 segregation detected for 'Keitt' x 'Tommy Atkins'. For N. parvum, recessive resistance with 3:1 monogenic segregation was observed in the crossing 'Keitt' x 'Tommy Atkins', and 9:7 epistatic segregation was reported in the crossing 'Haden' x 'Tommy Atkins' and 'Espada x 'Tommy Atkins'. The mono or digenic inheritance observed in the present study indicates the possibility of selection in the F 2 generation and identification of plants with double resistance to L. theobromae and N. parvum in mango trees.
Introduction
Mango (Mangifera indica L.) is native to the Southeast Asia, particularly India, and is one of the most appreciated tropical fruits in the world (Souza et al., 2002) . In Brazil, despite being produced in several States, mango commercial cultivation is of great economic importance in the Northeast and Southeast regions, especially in the States of Bahia, Pernambuco, Ceará, Minas Gerais, and São Paulo (Fávero, 2008) . In 2013, the export of mango accounted for US$ 147.8 million, reaching approximately US$ 164 million in 2014 (Anuário Brasileiro da Fruticultura, 2014; . The cities of Petrolina-PE and Juazeiro-BA, located in the São Francisco river valley (SFRV) account for more than 80% of the total Brazilian export, and the European Union and the United States of America are the main consumers (IBRAF, 2011) .
Mango crops are affected by several diseases caused by different pathogens, which hinders the whole production chain. The main pathogens are the fungi of the family Botryosphaeriaceae. In the producing area of SFRV, the most common fungi are Lasiodiplodia theobromae, L. pseudotheobromae, L. crassispora, L. egyptiaceae, L. hormozganensis, L. iranienses, Fusicoccum aesculi (Botryosphaeria dothidea), B. mamane, Neofusicoccum parvum, N. brasiliense, Pseudofusicoccum stromaticum, F. fabicercianum, and Neoscytalidium dimidiatum (Costa et al., 2010; Marques et al., 2013a; Marques et al., 2013b) .
The L. theobromae occurs in about 500 plant species. The fungus is typical of tropical and subtropical regions (Punithalingam, 1980) and is easily disseminated by wind, insects, and pruning tools (Oliveira et al. 2013 ). According to Batista et al. (2012) , at favorable conditions, the pathogen infects the plant branch, causing dieback and/or canker diseases, sometimes reaching the trunk, and even causing plant death.
Symptoms of N. parvum have also been reported in the region. This fungus can infect various parts of the plant, including fruits, causing severe damage and plant death (Oliveira et al. 2008; Costa et al. 2010) . The most common symptoms of N. parvum are tip and branch dieback, wilting leaves, gummosis of branches and trunks, necrosis of floral buds and panicle, canker disease with trunk necrosis, fruit stem-end rot, and dead branches and entire trees (Slippers and Wingfield, 1998; Slippers et al. 2005) .
According to Lyer and Schnell (2009) , studies on the inheritance of diseases that affect mango are scarce and restricted to some observations of dominance and/or recessiveness for bacterial canker diseases and floral malformation. Arriel et al. (2016) , in a pioneering study with six full-sib families, reported that resistance to Ceratocystis fimbriata, the causative agent of mango wilt disease, is polygenic with the prevalence of genes expressing dominance and epistasis. Studies in Florida, USA, have identified progenies originated from the crossing between 'Haden' and 'Sandersha' with no symptoms of the disease caused by the fungus Botryosphaeria ribis (anamorph: Neofusicoccum ribis), indicating that some cultivars are resistant to the pathogen (Ramos et al., 1997) . Batista et al. (2012) reported variability for resistance to N. parvum for the accessions Nego-não-chupa, Manga-d'água, Juazeiro VI, Juazeiro VII, and Favo-de-mel, with the lowest lesion growth daily rates. Santos Filho et al. (2002) described the genotypes Espada and Manguito as resistant to two different isolates of L. theobromae (=Botryodiplodia theobromae). Studies on the inheritance of the resistance of these important fungal diseases have not been described yet, and this information is fundamental to support and guide the development of cultivars resistant to these pathogens.
Mango is a highly heterozygous species, with cross pollination rate of up to 93% (Santos and Lima Neto, 2011) , which can be explored for genetic studies. As stated by Banerjee et al. (2012) and Parikh et al. (2016) , F 1 plants resulting from crossings between parents highly heterozygote at many loci is considered as pseudo-F 2 and not as F 1 plants. The strategy of pseudo-F 2 plants was applied by Banerjee et al. (2012) , in Cornus florida; by Parikh et al. (2016) , in Morus spp.; and by Arriel et al. (2016) 
The objective of this study was to evaluate the inheritance of resistance to the fungi L. theobromae and N. parvum in pseudo-F 2 progenies resulting from the crossing between cultivars 'Haden' x 'Tommy Atkins', 'Espada' x 'Tommy Atkins', and 'Keitt x Tommy Atkins', aiming to assist mango breeding programs.
Results

Efficiency of inoculation procedure and resistance variability within evaluated parental mango cultivars
The procedures for the inoculations of the fungi L. theobromae and N. parvum were efficient for the appearance of dieback symptoms. The symptoms were characteristic of the diseases (Fig. 1) , and pruning was carried out after each evaluation to interrupt the disease progression and to prevent the infection of older branches. Plants of the cultivars 'Keitt', 'Haden' and 'Espada' were resistant to L. theobromae since they presented a mean absence of symptoms of 100%, 100%, and 95%, respectively. Conversely, plants of the cultivar 'Tommy Atkins' were susceptible, as they showed a mean presence of symptoms of 74%. For N. parvum, 'Keitt', 'Haden', and 'Espada' plants presented a mean absence of symptoms of 100%, 100% and 98%, respectively. Conversely, 'Tommy Atkins' plants showed mean presence of symptoms in 66% of the branches inoculated with the suspension of this fungus.
Analysis suggested mono or digenic inheritance to L. theobromae and N. parvum in three mango crosses
In the pseudo-F 2 populations, the progenies of the crossings 'Haden' x 'Tommy Atkins', 'Keitt' x 'Tommy Atkins', and 'Espada' x 'Tommy Atkins' presented 77, 49, and 47 susceptible plants and 29, 13, and 20 resistant plants, respectively. These results indicate monogenic Mendelian segregation of 3:1 (p<0.05) for L. theobromae in the three crossings (Table 1) , with recessive resistance. The population 'Keitt' x 'Tommy Atkins' showed13:3 segregation hypothesis (p<0.05), indicating some type of epistasis (Table 1) .
For N. parvum, 62 and 40 susceptible plants and 42 and 27 resistant plants were observed in the crossings 'Haden' x 'Tommy Atkins' and 'Espada x 'Tommy Atkins', respectively, indicating 9:7 segregation (p<0.05). Conversely, the crossing 'Keitt' x 'Tommy Atkins' presented 44 and 19 susceptible and resistant plants, respectively, indicating 3:1 segregation (p<0.05) ( Table 2 ). For N. parvum, results indicated monogenic Mendelian segregation in the crossing 'Keitt' x 'Tommy Atkins', and epistatic segregation of the double recessive alleles in the crossings 'Haden' x 'Tommy Atkins' and 'Espada x 'Tommy Atkins'.
For both fungi, the crossings 'Haden' x 'Tommy Atkins', 'Keitt' x 'Tommy Atkins', and 'Espada' x 'Tommy Atkins' showed 16, six and six plants with double resistance, respectively, that is, with mean absence of symptoms greater than 90% of the inoculated branches.. Plants with double resistance to N. parvum and L. theobromae, which have pre-and post-harvest significance in mango crops, have great potential for further agronomic trials, involving other traits, such as yield and fruit quality.
Discussion
Diseases are among the main factors that negatively affect or impair mango production in Brazil. The development and selection of new varieties have been the major strategy used in breeding. Queiroz and Lopes (2007) state that this strategy depends on the range of the genetic base available, which is influenced by the resources kept in germplasm banks.
The most common studies on genetic resistance in mango are related to anthracnose diseases (Bally et al., 2013) , powdery mildew (Naqvi et al., 2014) , mango malformation (Chakraborti and Misra, 2014) , and mango wilt (Arriel et al., 2016) . Works that evaluate resistance to dieback disease in mango, caused by fungi of the family Botryosphaeriaceae, are scarce.
The fungi L. theobromae and N. parvum, used in the present study, infect mango at different development stages. However, latent infection in fruits (Slippers and Wingfield, 2007) directly affects mango commercialization by causing the importer to return or discard heavily contaminated mango loads. In this sense, the selection of genotypes that show resistance to the development of the dieback disease of mango branches presumably reduce the endophytic and sequential development of these fungi from the mature branch to the inflorescence and pedicel (Johnson et al., 1992) , consequently reducing stem-end rot. Arriel et al. (2016) evaluated the inheritance of resistance to C. fimbriata in 197 mango genotypes from six families and reported that cultivars Keitt and Tommy Atkins were the most resistant, and cultivars Espada and Haden were the most susceptible to mango wilt. In the present study, cultivars Keitt, Haden, and Espada showed absence of symptoms higher than 94% in branches inoculated with L. theobromae, and 100% absence of symptoms in the material Batista et al. (2012) reported that fruits of the 'Tommy Atkins' variety showed susceptibility to stem-end rot caused by N. parvum and F. aesculi. Arriel et al. (2016) observed that the inheritance of resistance to C. fimbriata in mango is polygenic, with a prevalence of genes expressing the effects of dominance and epistasis. Bally et al. (2009) and Lyer and Schnell (2009) , reported that genetic inheritance of most of the agronomic prevalence of genes expressing the effects are dominance and epistasis. For Bally et al. (2009) and Iyer and Schnell (2009) , the genetic inheritance of most of the agronomic traits in mango has not yet been determined due to the long juvenile stage of the plant, high heterozygosity, polyembryony, cultivars incompatibility, and the use of small populations.
In this study, monogenic resistance conferred by recessive alleles was observed for L. theobromae in the three crossings evaluated. The segregation in the population 'Keitt' x 'Tommy Atkins' indicated the presence of two genes of 13:3 epistatic inheritance. For Roelfs et al. (1992) , some ratios are difficult to be established, such as the distinction between 3:1 and 13:1, even when evaluating large populations. For L. theobromae, the ratio of 3:1 is more likely to occur since no significance was observed for the three crossings evaluated. For N. parvum, 3:1 monogenic segregation was observed in the crossing 'Keitt' x 'Tommy Atkins' and 9:7 epistatic segregation was observed in the crossings 'Haden' x 'Tommy Atkins' and 'Espada x 'Tommy Atkins', indicating the possibility of different ratios in different mango crossings.
For these two important mango fungal diseases, resistant progenies can be selected in the F 2 generation, without the need for selfing for selection in subsequent generations. The mono or digenic inheritance observed in this study increases the possibility of identifying plants with double resistance to L. theobromae and N. parvum. This is a pioneering study with mango plants, and no other works have addressed inheritance of L. theobromae and N. parvum in the species, or even in other fruit trees, which impairs comparative studies. Results of this work will assist the selection of progenies with resistance to L. theobromae and N. parvum in the crossings evaluated, and support molecular studies on mapping of resistance sources to these fungi.
Materials and Methods
Plant materials
The study was carried out at the Experimental Field of Embrapa Semiarid, in Juazeiro, BA, using the progenies of three populations of the crossings 'Haden' x 'Tommy Atkins', 'Keitt' x 'Tommy Atkins' and 'Espada' x 'Tommy Atkins'. These populations were obtained according to the procedure described by Santos et al. (2010) . Plants resulting from selfings or from crossings involving other male parents were identified by single nucleotide polymorphism markers and excluded from the genetic analyses.
Production of inoculum
Isolates of L. theobromae and N. parvum were originally obtained from the Mycology Laboratory of the Universidade Federal Rural de Pernambuco-UFRPE and used in the study. The fungi were grown for 15 days in water-agar culture medium in Petri dishes. After the development of the reproductive structures, the conidia were extracted by removing the pycnidia present in the colonies with the aid of a mortar containing distilled-sterilized water. Pycnidia were macerated with a pestle. Subsequently, the suspension was filtered, conidia were counted in a Neubauer chamber, and the suspension concentration was adjusted to 10 3 conidia/mL.
Inoculation and evaluation for symptoms of L. theobromae and N. parvum
Inoculum suspension was sprayed on the plant leaves until runoff, without causing injury (Dhingra and Sinclair, 1995) . Young branches containing young leaves were selected, and conidia suspension of 10 3 conidia/mL of L. theobromae or N. parvum was applied with the aid of a hand sprayer. After inoculation, the branch was protected in a wet chamber made of plastic bags moistened with distilled-sterilized water, for 48 hours (Alfenas and Ferreira, 2007) . To prevent the burning of leaves and branches by the incidence of solar radiation, the plastic bags were covered with paper bags. The development of dieback symptoms was evaluated at five days after the opening of the wet chamber. This procedure was repeated three times for both pathogens, at different periods, in each progeny of the evaluated crossings.
The method used was an adaptation of the percentage infection method developed by Valiela (1952) , using the equation: plant-without-symptoms (PWS) = (No. of branches without symptoms/total number of evaluated branches) x 100. Plants without symptoms in more than 90% of the branches, in the mean of the three different inoculation periods, were considered as resistant to L. theobromae or N. parvum.
Statistical analysis
The adjustment between observed and expected frequencies for the hypothesis of different Mendelian and non-Mendelian ratios in the three pseudo-F 2 populations was performed using the chi-square test (χ2) at 5% probability.
Conclusion
Monogenic resistance conferred by recessive alleles for L. theobromae was observed in the three crossings evaluated. For N. parvum, recessive resistance was detected with 3:1 monogenic segregation in the crossings 'Keitt' x 'Tommy Atkins', and with 9:7 epistatic segregation in the crossings 'Haden' x 'Tommy Atkins' and 'Espada x 'Tommy Atkins'. Resistant progenies to L. theobromae and N. parvum can be selected in the F 2 generation without the need for selfing for selection in subsequent generations. The mono or digenic inheritance observed in the present study also increases the possibility of identifying plants with double resistance to these fungal diseases.
